Severe acute respiratory syndrome (SARS) is a newly discovered infectious disease with atypical pneumonia caused by SARS coronavirus (SARS-CoV). SARS became a global health threat due to its rapid transmission and high fatality rate [@bib1], [@bib2].

Vero E6 is a cell line derived from African green monkey kidney cells and is sensitive to SARS-CoV. Many laboratories use this cell line to study SARS-CoV. Infection of Vero E6 cells with SARS-CoV induces apoptosis *via* activation of caspase-3 [@bib3]. Akt and mitogen-activated protein kinases (MAPKs), including c-Jun N-terminal protein kinase (JNK), extracellular signal-related kinase (ERK) 1/2, and p38 MAPK, are phosphorylated in SARS-CoV-infected Vero E6 cells [@bib3], [@bib4], [@bib5]. Especially, activation of p38 and inactivation of Akt by SARS-CoV infection induce cytopathic effects and apoptosis in virus-infected cells, respectively. Phosphorylation of p38 MAPK is known to regulate signal transducer and activator of transcription 3 and 90 kDa ribosomal S6 kinases [@bib5], [@bib6]. Although the majority of virus-infected cells die by apoptosis, we found that a small population of virus-infected cells remained alive and these cells grew with production of virus [@bib7]. Four groups, including ours, independently reported persistent infection of cultured cells by SARS-CoV [@bib8], [@bib9], [@bib10]. We found that JNK and PI3K/Akt signaling pathways are important for the establishment of persistent SARS-CoV infection in Vero E6 cells when these specific inhibitors were added soon after viral adsorption.

In this study, we further analyzed the mechanisms of establishment of persistent SARS-CoV infection in Vero E6 cells. We found that anti-apoptotic proteins, Bcl-2 and Bcl-xL, are important for persistent infection. Nucleocapsid (N) protein of SARS-CoV was suggested to play important roles in phosphorylation of Akt and JNK.

Materials and methods {#section.0010}
=====================

*Cells and virus.* Vero E6 cells were subcultured routinely in 75-cm^3^ flasks in Dulbecco's modified Eagle's medium (DMEM; Sigma, St. Louis, MO, USA) supplemented with 0.2 mM [l]{.smallcaps}-glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin, and 5% (v/v) fetal bovine serum (FBS), and maintained at 37 °C in an atmosphere of 5% CO~2~. The medium was changed to 2% FBS DMEM before virus infection. SARS-CoV, which was isolated as Frankfurt 1 and kindly provided by Dr. J. Ziebuhr, was used in the present study. Infection was usually performed at a multiplicity of infection (m.o.i.) of 5. DIs-N expressing N RNA of SARS-CoV and DIs-GFP expressing GFP RNA were described in our previous study [@bib11]. Confluent Vero E6 cells were infected with DIs-N and -GFP at 5 m.o.i.

*Fixing and staining of cells.* The cells in 24-well plates were fixed with 10% formaldehyde for at least 24 h, and stained with 0.1% naphthol blue-black for 30 min. This convenient method was described by Everitt and Wohlfart for determination of the actual or relative number of cells in anchorage culture [@bib12]. After washing out with water, the plates were scanned with a GT-9400UF scanner (Epson, Tokyo, Japan). The dye--protein complexes were released hydrolytically with 0.1 M NaOH and measured spectrophotometrically at 660 nm. When cells and the supernatant contained infectious SARS-CoV, the cell number was counted using this method. The number of cells that did not contain SARS-CoV was counted using the WST-1 cell proliferation assay system (Takara, Shiga, Japan).

*Inhibitors.* The JNK inhibitor, SP600125, and PI3K/Akt inhibitor, LY294002, were purchased from Calbiochem (San Diego, CA, USA) and Cell Signaling Technology Inc. (Beverly, MA, USA), respectively. These inhibitors were dissolved in dimethyl sulfoxide (DMSO) at a concentration of 10 mM. The same volume of DMSO alone was used as a control.

*Western blotting.* The whole-cell extracts were electrophoresed on 5--20% gradient polyacrylamide gels, and transferred electrophoretically onto PVDF membranes (Immobilon-P; Millipore, Bedford, MA, USA). In the present study, we applied two sets of samples to polyacrylamide gels, and the membranes were divided into two halves after blotting, or membranes were examined once using a LumiGLO Elite chemiluminescent system (Kirkegaard and Perry Laboratories, Gaithersburg, ML, USA), and then stripped using Restore Western blot stripping buffer (Pierce, Rockford, IL, USA) for the second detection. The following antibodies, obtained from Cell Signaling Technology Inc., were used in the present study at a dilution of 1:1000: rabbit anti-phospho Akt (Ser473) antibody, rabbit anti-Akt antibody, rabbit anti-phospho ERK (Thr202/Tyr204) antibody, rabbit anti-ERK antibody, rabbit anti-p38 MAPK (Thr180/Tyr182) antibody, rabbit anti-p38 MAPK antibody, rabbit anti-phospho SAPK/JNK (Thr183/Tyr185) antibody, rabbit anti-SAPK/JNK antibody, rabbit anti-phospho Bcl-2 (Ser 70) antibody, and anti-Bcl-xL antibody. Mouse anti-Bcl-2 antibody was purchased from BD Biosciences (Franklin Lakes, NJ, USA) and used at a dilution of 1:500. Mouse anti-β-actin antibody was purchased from Sigma and used at a dilution of 1:5000. Rabbit anti-SARS Nucleocapsid protein antibody was described previously [@bib3].

Results {#section.0015}
=======

Phosphorylation of signaling pathways in cells persistently infected by SARS-CoV {#section.0020}
--------------------------------------------------------------------------------

As indicated in our previous studies, apoptotic signals, cleaved caspase-3 and DNA fragmentation, are detected at 18 and 24 h post-infection (h.p.i.) in SARS-CoV-infected Vero E6 cells [@bib3]. At 24 h.p.i., cells begin to show rounding and persistently infected cells are observed after 48 h.p.i. To investigate which signaling pathways are phosphorylated in persistently SARS-CoV-infected cells, protein samples were obtained from these cells at 50 h.p.i. Vero E6 cells were prepared at confluency in T-25 flasks with 2% fetal bovine serum (FBS) containing Dulbecco's modified Eagle's medium (DMEM), and infected with SARS-CoV at 5 m.o.i. On the other hand, Vero E6 cells were prepared in T-25 flasks at several concentrations with 2% FBS containing DMEM as controls because surviving cell number is different (less than 5% of total cells) in each experiment. At 50 h.p.i., surviving cells and controls were washed with 2% FBS containing DMEM 5 times (with pipetting 25 times). Although most dead cells were washed out, a fraction of dead cells were attached to surviving cells and could not be removed completely by washing. As phosphorylation status of signaling pathways sometimes changes following trypsinization and centrifugation, sample buffer for Western blotting analysis was added directly to the washed cells. We obtained a protein sample from mock-infected cells, with a similar cell number to persistently infected cells. The protein samples seemed to contain a maximum of 50% proteins from surviving cells. Western blotting analysis was performed using antibodies to phosphorylated proteins of signaling pathways. As shown in [Fig. 1](#fig1){ref-type="fig"} , Akt, JNK, and p38 MAPK were phosphorylated in surviving cells. On the other hand, Akt was phosphorylated in control cells, while JNK and p38 MAPK were not. As Akt was dephosphorylated in both confluent and subconfluent cells after 18 h.p.i. as shown in our previous studies [@bib4], [@bib13], detection of strongly phosphorylated Akt was suggested to reflect a feature of surviving cells that had escaped from cell death. In addition, the phosphorylated Akt in surviving cells indicated anti-apoptotic activity. The levels of the anti-apoptotic proteins, Bcl-2 and Bcl-xL, and phosphorylated Bcl-2, were also increased in surviving cells. The anti-apoptotic Bcl-2 family proteins, Bcl-2 and Bcl-xL, play important roles in inhibiting mitochondria-dependent cell death pathways [@bib14]. This result suggested that Akt and JNK are important to establish persistent infection as indicated in our previous study, and that Bcl-xL and Bcl-2 are important for survival. Interestingly, p38 MAPK was strongly phosphorylated in surviving cells, suggesting that persistently infected cells consist of a balance between cell death and survival.Fig. 1Phosphorylation status of signaling pathways in persistently SARS-CoV-infected cells. Vero E6 cells were prepared at confluency in T-25 flasks with 2% fetal bovine serum (FBS) containing Dulbecco's modified Eagle's medium (DMEM), and infected with SARS-CoV at 5 m.o.i. At 50 h.p.i., surviving cells and controls were washed 5 times with 2% FCS containing DMEM (pipetting a total of 25 times). Mock-infected subconfluent cells, similar in number to surviving cells that had escaped from apoptosis by SARS-CoV infection, were also washed in the same manner. Western blotting analysis was performed using these protein samples.

Importance of PI3K/Akt and JNK for establishment of persistently virus-infected cells {#section.0025}
-------------------------------------------------------------------------------------

In our previous study, we showed that treatment of Vero E6 cells with the JNK inhibitor, SP600125, and PI3K/Akt inhibitor, LY294002, 1 h after inoculation with SARS-CoV prevented persistent SARS-CoV infection [@bib7]. Therefore, we concluded that activation of JNK and PI3K/Akt by SARS-CoV infection is important for the establishment of persistence. To investigate whether these inhibitors affect the establishment of viral persistence in cells at the late stage of SARS-CoV infection, cells were treated with inhibitors at 50 h.p.i. As shown in [Fig. 2](#fig2){ref-type="fig"} A and B, SP600125 killed the cells completely, while LY294002 did not. As LY294002 has an inhibitory effect on cell proliferation, as indicated in [Fig. 2](#fig2){ref-type="fig"}C and in our previous study [@bib13], the growth rate of persistently infected cells was slow. On the other hand, treatment with SP600125 in the absence of SARS-CoV infection did not affect cell proliferation. As Akt in virus-infected cells was dephosphorylated after 18 h.p.i., as shown in our previous studies [@bib4], [@bib13], phosphorylation of Akt at the early stage of infection may be important for preventing apoptosis. However, this result strongly suggested that once persistence is established, phosphorylation of Akt is not necessary for survival. Therefore, we concluded that activation of PI3K/Akt is essential for the establishment of persistent infection with SARS-CoV at time points before cell death, whereas activation of JNK is required at the time of establishment of persistence.Fig. 2Effects of JNK and PI3K/Akt inhibitors on cell viability of persistently SARS-CoV-infected cells. (A) Confluent Vero E6 cells in 24-well plates were infected with SARS-CoV for 50 h, and then LY294002 (10 μM) and SP600125 (20 μM) were added to the cells. All wells contained the same volume of DMSO. After incubation for 7 days, the cells were fixed with 10% formaldehyde and stained with 0.1% naphthol blue-black. (B) Stained cells were quantified by measuring the absorbance at OD~660~ with addition of NaOH. (C) Subconfluent cells were treated with inhibitors for 5 days, and then cells were counted using the WST-1 cell proliferation assay system [@bib6].

Phosphorylation of signaling pathways by SARS-CoV-nucleocapsid protein {#section.0030}
----------------------------------------------------------------------

Next, we investigated which signaling pathways are phosphorylated by nucleocapsid (N) protein of SARS-CoV because several reports indicated that expression of N protein induces phosphorylation of signaling pathways. Surjit et al. reported that ERK, phosphorylated Akt and Bcl-2 are down-regulated, whereas JNK, p38 MAPK activation, activated caspase-3 and -7 are up-regulated in COS-1 cells in the absence of growth factors [@bib15]. They suggested that N protein is able to induce apoptosis under stress conditions. To understand which signaling pathways are phosphorylated by N protein in Vero E6 cells persistently infected with SARS-CoV, we made an N expression plasmid. Transfection of the N expression plasmid was performed using transfection reagents, Magnetfection and VeroFect (OZ Biosciences, Marseille, France), which our screen of transfection reagents suggested to be the best transfection systems for Vero E6 cells, which have low transfection efficiency (data not shown). However, levels of expression of N protein by these two reagents were far lower than those in SARS-CoV-infected Vero E6 cells. Therefore, we next used the vaccinia virus expression system (DIs-N) [@bib11]. Vero E6 cells were infected with DIs-N at 5 m.o.i. and protein samples were obtained at 18 h.p.i. We used DIs-GFP, which expresses GFP protein in infected cells, as a control at the same m.o.i. As shown in [Fig. 3](#fig3){ref-type="fig"} , both Akt and JNK were phosphorylated in DIs-N-infected cells as compared with DIs-GFP-infected cells. There was no significant difference in the amount of Bcl-2, Bcl-xL, and phosphorylated p38 MAPK. This result suggested that phosphorylation of Akt and JNK induced by N protein in SARS-CoV-infected Vero E6 cells plays important roles for the establishment of persistence.Fig. 3Modulation of signaling pathways by N expression. Confluent Vero E6 cells in 24-well plates were infected with DIs-N and DIs-GFP at 5 m.o.i. Protein samples were obtained at 18 h.p.i. and Western blotting analysis was performed.

Discussion {#section.0035}
==========

In our previous study, the signaling pathways of JNK and Akt were shown to be important for establishment of persistent SARS-CoV infection, when these inhibitors were added soon after SARS-CoV infection [@bib7]. Approximately 95% of confluent Vero E6 cells died 2 days after infection with SARS-CoV. The remaining 5% of cells that survived grew with persistent virus infection. When 24-well plates were used for experiments, the persistently infected cells reached confluence by 7 days. Interestingly, the PI3K/Akt inhibitor, LY294002, permitted cell survival when added after apoptotic events, but activation of JNK was also necessary for survival after apoptotic events. Our previous study demonstrated the importance of Akt activation for proliferation of SARS-CoV-infected cells [@bib4]. Phosphorylation of Akt was down-regulated in subconfluent cells by SARS-CoV infection [@bib13]. Nevertheless, LY294002-treated surviving cells that had escaped from SARS-CoV-induced apoptosis could still grow slowly. One of the reasons for this is that PI3K/Akt inhibitor needs 3 days after treatment to inhibit cell proliferation [@bib13]. Therefore, persistent cell colonies may grow slightly in the presence of LY294002. SARS-CoV replicates in surviving cells, and these cells are still alive in the presence of LY294002, suggesting that the signaling pathway of PI3K/Akt is not necessary to prevent apoptosis in cells with persistent virus infection. The apoptotic signaling pathways may be blocked independent of PI3K/Akt in surviving cells. In this study, we demonstrated that the anti-apoptotic proteins Bcl-2 and Bcl-xL were present at elevated levels in persistently infected cells. Because Bcl-2 is slightly increased and phosphorylated at acute infection (24 h.p.i.), but not Bcl-xL (data not shown), Bcl-xL may be more important than Bcl-2 for survival. These results indicated that the PI3K/Akt signaling pathway is important for cell survival in the early stages of SARS-CoV-induced apoptosis, whereas the JNK, Bcl-2, and Bcl-xL pathways are important after apoptotic events. We found SP600125 that slightly prevented SARS-CoV-induced apoptosis (unpublished data). The JNK signaling pathway is one of the key factors for understanding persistence of SARS-CoV.

Interestingly, when we used the N expression system of vaccinia virus (DIs-N), Akt and JNK were phosphorylated in Vero E6. The differences in the results between our study and that reported by Surjit et al. using COS-1 are most likely due to the use of different cell cultures and different expression systems [@bib15]. It is not yet clear whether N protein alone is able to induce phosphorylation of these signaling pathways in Vero E6 cells because we have no useful system for plasmid transfection of these cells. Both Akt and JNK were phosphorylated in our system due to additional stress by expression of vaccinia viral proteins. Because Bcl-2 and Bcl-xL were not increased by N protein expression, these anti-apoptotic proteins may not be down-stream of Akt and JNK signaling pathways.

In this paper, we showed possible mechanisms of establishment of persistent SARS-CoV infection. Further investigations are necessary to determine signaling pathways, which are able to up-regulate Bcl-2 and Bcl-xL levels.
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